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Developmental Down-Regulation of LTD
in Cortical Layer IV and Its Independence
of Modulation by Inhibition
Serena M. Dudek and Michael J. Friedlander and Stryker, 1993), augmentation of excitatory input
from the previously disadvantaged eye (PDE) by phar-Neurobiology Research Center
University of Alabama at Birmingham macological reduction of intracortical inhibition (Duffy
et al., 1976; Mower et al., 1984; but see Sillito et al.,Birmingham, Alabama 35294-0021
1981; Bear et al., 1985; Hendry and Jones, 1986, 1988),
and the demonstration of latentbut weakened excitatory
synaptic input from the PDE (Tsumoto and Suda, 1978;Summary
Freeman and Ohzawa, 1988).
Since layer IV of visual cortex is the most peripheralFor in vitro LTDto remain viable as amodel for synaptic
anatomical site for binocular convergence of excitatoryweakening in visual cortical plasticity, it is crucial that
synaptic inputs from the two eyes and since it is anit display a critical period for its induction within layer
imbalance in this binocular interaction that gives rise toIV. A complicating factor, however, is that LTD in layer
the effects of MD, it is a logical locus for the plasticityIV is modulated by inhibitory postsynaptic potentials
(Wiesel and Hubel, 1965; Guillery, 1972). Indeed, the(IPSPs); postsynaptic responses characterized as
structure of individual excitatory synaptic contacts incontaining IPSPs do not depress in response to 1 Hz
layer IV made by thalamocortical axons from neuronsafferent stimulation. By blocking IPSPs intracellularly,
innervated by the PDE is dramatically compromised bywe find that the ability to induce LTD in layer IV neurons
MD (Tieman, 1985; Friedlander et al., 1991). The presyn-is restored in juvenile, but not in mature animals. This
aptic boutons are smaller, they have fewer active zonesdevelopmental down-regulation of LTD induction is
and postsynaptic contacts, and they innervate sites withspecific for layer IV when compared with LTD induc-
smaller postsynaptic densities as compared with theirtion in layers II/III. These data are consistent with the
functionally equivalent counterparts innervated by thehypothesis that an LTD-like phenomenon is involved
normal eye (Friedlander et al., 1991). Moreover, thisin critical period plasticity and is apparently indepen-
anatomy is reminiscent of the situation in the immaturedent of developmental changes in inhibitory circuitry.
cortex (Friedlander and Martin, 1989). Thus, excitatory
pathways in visual cortex layer IV are sensitive to struc-Introduction
tural and functional down-regulation in response to ac-
tivity-dependent processes, but this sensitivity, too, isThe developing mammalian visual system and its sus-
down-regulated during postnatal development.ceptibility to visual deprivation are well-established
On theoretical and experimental grounds, long-termmodels of how epigenetic factors can influence develop-
potentiation (LTP) and long-term depression (LTD) ofment of the nervous system. One dramatic example of
excitatory synaptic transmission have been proposedthis developmental plasticity is the loss of responsivity
to contribute to the development of normal ocular domi-of most visual cortical neurons to input from an eye that
nance and the ocular dominance shift due to MD inwas briefly deprived of pattern vision (monocular visual
visual cortex (Bienenstock et al., 1982; Bear et al., 1987;deprivation, or MD) during a critical period of postnatal
Fregnac et al., 1988; Clothiaux et al., 1991; Singer, 1995).development (Wiesel and Hubel, 1963a, 1963b, 1965;
In support of this proposition, both LTP and LTD canHubel and Wiesel, 1970; Olson and Freeman, 1980). This
be induced at excitatory synapses in visual cortex inocular dominance shift in favor of input from the normal
vitro (Artola et al., 1990; Kirkwood et al., 1993).Moreover,eye does not occur if the visual deprivation occurs after
there is some evidence that these processes are devel-a critical period of postnatal development (Hubel and
opmentally regulated; LTP is readily induced in the ex-Wiesel, 1970). Moreover, the virtual functional elimina-
tragranular layers of immature visual cortex (Komatsution of input from the eye that was placed at a competi-
et al., 1981; Perkins and Teyler, 1988; Kato et al., 1991;tive disadvantage is not due to loss of excitatory signals
Kirkwood et al., 1995) as well as in layer IV of immaturefrom the retina of that eye (Sherman and Stone, 1973)
somatosensory cortex (Crair and Malenka, 1995), butor through the dorsal lateral geniculate nucleus (Lehm-
no such developmental regulation has yet been demon-kuhle et al., 1980; Shapley and So, 1980; Friedlander
strated for LTD. As layer IV is theprimary site of binocularand Stanford, 1984), thus implicating the visual cortex
competitive interactions in the visual cortex (LeVay andas the site of modification.
Gilbert, 1976; Shatz et al., 1977), demonstration of aThree mechanisms within the visual cortex have been
postnatal developmental down-regulation of the sensi-suggested to mediate the ocular dominance shift that
tivity of excitatory synaptic transmission in this layer tooccurs following MD: a selective anatomical discon-
LTD is necessary if this process is to be validated as anection of excitatory synapses; a selective enhance-
causative factor in this type of cortical plasticity.ment of intracortical synaptic inhibition; and a selective
A heretofore complicating factor in the assessmentfunctional weakening of excitatory synapses. There is
of developmental changes in the ability to induce LTDevidence to supportall three hypotheses, includinglarge
in vitro is the developmental change in intracortical syn-scale anatomical reorganization of cortical ocular domi-
aptic inhibition; the strength of inhibitory postsynapticnance columns (Hubel et al., 1977; Shatz and Stryker,
potentials (IPSPs) in neocortex has been demonstrated1978; LeVay et al., 1980), changes in the extent of ana-
tomical arborizations of individual thalamocortical ax- to increase with postnatal age (Komatsu, 1983; Luh-
mann and Prince, 1990; Agmon and O'Dowd, 1992), andons in cortical layer IV (Friedlander et al., 1991; Antonini
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this developmental increase in synaptic inhibition has we measured postsynaptic potentials (PSPs), evoked
with stimulation at the white matter/layer VI border, inbeen proposed to play a major role in the developmental
modulation of plasticity within layer IV (Komatsu, 1983; layer IV neurons in vitro. To verify that recordings were
indeed made from layer IV neurons, we injected biocytinAgmon and O'Dowd, 1992). Since LTD induced by low
frequency stimulation has been determined to be de- into many of the cells from which electrophysiological
recordings were obtained. Examples of representativependent on N-methyl-D-aspartic acid (NMDA) receptors
in several preparations (Dudek and Bear, 1992; Mulkey layer IV neurons that were successfully recovered after
biocytin injection and histological processing are shownand Malenka, 1992; Kirkwood et al., 1993), and NMDA
receptor function can be negatively influenced by inhibi- in Figure 1. In guinea pig layer IV, the majority of the cells
labeled were spiny pyramidal cells (39 of 42; Figures 1A,tory circuitry (Luhmann and Prince, 1990; Agmon and
O'Dowd, 1992; Burgard and Hablitz, 1993), the presence 1B, and 1E), consistent with the observation that many
spiny neurons in layer IV are pyramidal in shape in otherof large IPSPs in compound PSPs evoked in layer IV
neurons precludes determination of a true develop- small mammals (Peters et al., 1985). In contrast with the
guinea pig layer IV cells, many of the cells filled in catmental gradient in the susceptibility of layer IV excitatory
synapses to LTD. layer IV were spiny stellate in morphology, also consis-
tent with the observed morphology of layer IV neuronsIn addition to possible modulation of the capacity for
LTD induction, strong postsynaptic inhibition in layer IV in this species (44 of 72; Figures 1C, 1D, and 1F) (O'Leary,
1941; Lund et al., 1979). Recordings were made fromalso complicates interpretation of the LTD experiments.
In many cases, the excitatory postsynaptic potentials slices prepared from neonatal (P1±P12) or mature (P80±
P100) guinea pigs and from cats either during the peak(EPSPs) recorded in guinea pig and cat layer IV can
be completely obscured (or shunted) by the IPSP at (age 3±5 weeks) or after (12±16 weeks) the critical period
for ocular dominance plasticity (Olson and Freeman,depolarized membrane potentials, even at relatively low
stimulation intensities, consistent with data obtained 1980). After a 10±15 min baseline period of stable post-
synaptic potentials (PSPs) was collected, afferent stimu-from ferret layer IV neurons in vitro (Hirsch, 1995). This
effect may be due to the high concentration of g-amino- lation at 1 Hz was delivered for 15 min to induce LTD.
The stimulation frequency was then returned to 0.1 Hz,butyric acid (GABA) receptors within layer IV relative to
other layers. Indeed, the highest density of muscimol- and the PSPs were assessed for LTD induction 15±20
min after cessation of the 1 Hz stimulation.binding sites, representing GABAA receptors, are in layer
IV (Needler et al., 1984; Shaw et al., 1984), although this As evaluated by a significant (p < 0.01, two-tailed
t-test) and sustained (20±30 min) reduction of peak PSPdensity distribution could also explained by the high
densityof neurons within layer IV. Given this prominence amplitude by greater than 10%, the ability to induce LTD
with a standard 1 Hz afferent stimulation protocol wasof inhibition in layer IV, it is therefore difficult to dissect
out changes due to increased inhibition or those re- variable (54%, n 5 13 of 24). Post-hoc analysis revealed
that significant, sustained LTD was induced only forsulting from decreases of the EPSPs without disinhib-
iting the entire cortical slice. Pharmacological disinhibi- those compound PSPs where no discernible IPSP was
observed at resting membrane potential or upon depo-tion by bath application, however, can be highly
undesirable for the reason that it affects the induction larization to 260 to 245 mV; in each case when signifi-
cant LTD was not induced (n 5 11 of 24), the compoundof both LTP and LTD in slices of neocortex and hippo-
campus (Artola et al., 1990; Bear et al., 1992; Wagner PSP contained a distinct IPSP. Figure 2A shows exam-
ples of experiments performed on guinea pig slices inand Alger, 1995). Whether the effects of disinhibition on
LTP/LTD induction are due to network effects or effects which LTD was induced, or not induced, depending on
the absence or presence of obvious IPSPs (2A1 andon single neurons remains unknown. To avoid these
ambiguities, we have modified a method of restricting 2A3, respectively). This correlation between the apparent
absence of synaptic inhibition and the ability to inducethe blockade of postsynaptic inhibition onto single neu-
rons (Nelson et al., 1994), thereby avoiding the network LTD was consistent in layer IV neurons from both young
guinea pig (Figure 2B, LTD in 7 of 14) and kitten (Figureeffects of disinhibition (Dudek and Friedlander, 1996). By
including in the recording electrode solution a chloride 2C, LTD in 6 of 10) visual cortex. These data are sugges-
channel blocker, 4,49-dinitro-stilbene-2,29-disulfonic tive of a negative influence of inhibitory synaptic trans-
acid (DNDS), and cesium to block potassium conduc- mission on the induction and/or expression of LTD of
tances, both early and late IPSPs, respectively, can be excitatory synaptic transmission in layer IV neurons. Ex-
effectively blocked in individual cortical layer IV neurons. perimental validation of this relationship, however, re-
Using this method of blocking inhibition intracellularly, quires direct manipulation of IPSPs when they do occur.
theeffects of inhibition on LTD inductionand the postna- To determine whether the ability to induce LTD was
tal development of LTD in cortical layer IV, independent indeed dependent on the absence of inhibitory poten-
of inhibition, were directly evaluated. Preliminary ac- tials and not that a certain population of cells was inca-
counts of this work have appeared in abstract form (Du- pable of expressing LTD, experiments were performed
dek and Friedlander, 1993, Soc. Neurosci., abstract; Du- using the intracellular blockade of GABAA and GABAB
dek et al., 1994, Soc. Neurosci., abstract). currents with intracellular DNDS and cesium, respec-
tively (Dudek and Friedlander, 1996). Figure 3A shows
Results an example of a positive control experiment in which
an IPSP was evident initially and was blocked with the
inclusion of DNDS and cesium in the recording pipette.To assess for developmental changes in the susceptibil-
ity to LTD induction at excitatory synapses in layer IV, In this case, from a P6 guinea pig, LTD was induced
Developmental Down-Regulation of LTD in Layer IV
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Figure 1. Verification by Intracellular Labeling with Biocytin That Recorded Neurons Were Indeed in Layer IV
(A) P5 guinea pig. (B) Adult guinea pig. (C) P32 cat. (D) P91 cat. (E) Higher power of (A). (F) Higher power of (C). Scale bars are 100 mm and
50 mm for low and high power, respectively.
with 15 min of 1 Hz stimulation. The group data from This result is complementary to the observation that no
cell with a discernible IPSP was capable of sustainingyoung guinea pig (n 5 7, P3±P8) and kitten (n 5 5,
P22±P48) are shown in Figures 3B and 3C, respectively, LTD. Thus, blocking IPSPs from within single neurons
is sufficient to allow the induction of LTD.and show that LTD could be reliably induced in cells
with IPSPs when the IPSPs were blocked intracellularly. It has been proposed that a postnatal developmental
Neuron
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Figure 2. Effects of Inhibition on the Induction of LTD
(A) (A1) Typical experiment showing LTD in a young guinea pig layer IV neuron that was characterized as not having a significant inhibitory
component to the PSP. Shown in (A2) are the averaged traces from the times indicated by the bars before (1) and after (2) 1 Hz afferent
stimulation. (A3) Typical experiment showing that LTD was not induced in young guinea pig layer IV neurons if the PSP is characterized as
containing a significant IPSP (shown in inset at different holding membrane potentials). Shown in (A4) are the averaged traces from the times
indicated by the bars before (1) and after (2) 1 Hz afferent stimulation.
(B±C) Summaries showing that LTD was reliably induced in layer IV cells from young guinea pig at P3±P6 (B1) and kitten at P22±P48 (C1) when
IPSPs were absent from the compound PSP (n 5 7 and 6, respectively). Summaries showing that no depression was observed in either young
guinea pig P3±P8 (B2) or kitten P23±P48 (C2) layer IV neurons in response to 1 Hz afferent stimulation when IPSPs were present in the compound
PSP (n 5 7 and 4, respectively).
increase in the strength of inhibitory circuitry, by modu- inhibitors of the NMDA receptor such as D-APV (n 5 7,
data not shown), it was important to determine whetherlating NMDA receptor function, reduces synaptic plas-
ticity in the adult neocortex (Komatsu, 1983; Agmon and LTD could also be restored in the adult preparation.
If so, the hypothesis that a developmental increase inO'Dowd, 1992). Since the induction of LTD in several
preparations, including this one, can be blocked with synaptic inhibition restricts plasticity in the adult visual
Developmental Down-Regulation of LTD in Layer IV
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Figure 3. Blockade of Inhibition Intracellu-
larly Restores the Ability to Induce LTD in
Layer IV Neurons from Young Animals
(A) Experiment showing LTD induced with 1
Hz stimulation in neuron from P6 guinea pig
when IPSPs were blocked with the inclusion
of DNDS and cesium in the recording pipette
solution. Traces are the averaged responses
before (1) and after (2) 1 Hz afferent stimula-
tion indicated by the bars.
(B±C) Summary graphs showing that DNDS
and cesium consistently restored the ability
to induce LTD in layer IV neurons from young
guinea pig (B) and kitten (C), n 5 7 and 5,
respectively. Since diffusion of DNDS and ce-
sium into the cells through the sharp elec-
trodes took from 10±30 min, it was possible
to determine whether IPSPs were initially
present. Only cells with initial IPSPs were in-
cluded in this data set.
cortical layer IV would be supported. The ability to re- (DNDS/cesium) versus 67.9% 6 3.0% (no IPSP) of con-
trol in cat (Figures 4B and 4C). No significant depressionstore LTD with intracellular blockade of inhibition, how-
ever, was found to be restricted to slices from juvenile was obtained in recordings from adult layer IV cells in
either the no IPSP (n 5 0 of 10 in guinea pig, 0 of 4 inanimals; LTD was not induced in layer IV neurons re-
corded from adult slices (Figure 4). An example of a cat) or the DNDS/cesium case (n 5 1 of 10 in guinea
pig, 0 of 8 in cat). These data indicate that while LTDrecording from a P90 guinea pig is shown in Figure 4A,
where DNDS and cesium were included in the recording was easily induced in layer IV neurons from juvenile
animals in cases where there was not an evoked IPSPelectrode to successfully block IPSPs; LTD was not in-
duced. The amount of depression obtained from young or when the IPSP was blocked by intracellular pharma-
cological intervention, it was not induced in layer IVanimals with the use of intracellular block of IPSPs was
not significantly different from those cells not showing neurons from young adults, regardless of the status of
postsynaptic inhibition.IPSPs: 76.1% 6 1.7% (DNDS/cesium) versus 70.0% 6
3.7% (no IPSP) of control in guinea pig; 71.9% 6 1.8% To determine whether the lack of capacity for LTD
Neuron
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Figure 4. Intracellular Blockade of Inhibition
Does Not Restore the Ability to Induce LTD
in Layer IV Neurons from Adult Animals
(A) Experiment showing that LTD was not in-
duced in a neuron from a P90 guinea pig slice,
even when IPSPs were blocked with intracel-
lular DNDS and cesium. Traces are the aver-
aged responses before (1) and after (2) 1 Hz
afferent stimulation at the times indicated by
the bars.
(B±C) Group data from the PSPs without
IPSPs (B) and those with IPSPs recorded in
the presence of DNDS and cesium (C) from
guinea pig (closed bars) and cat (stippled
bars) from both juvenile and young adult age-
groups. Plotted are the magnitudes andprob-
abilities of inducing significant LTD from the
two age-groups. (B) n 5 15 and 10 for the
juvenile (P1±P12) and young adult (>P80)
guinea pig, respectively, and n 5 6 and 4 for
the juvenile (P3±P5 week) and young adult
(P12±P16 week) cat, respectively. (C) n 5 7
and 10 for the juvenile (P1±P12) and young
adult (>P80) guinea pig, respectively, and n 5
5 and 8 for the juvenile (P3±P5 week) and
young adult (P12±P16 week) cat, respec-
tively. Asterisk indicates p < 0.01 (t test).
induction in slices from young adult was indeed re- specifically in the young adult, but not juvenile animals,
these experiments in layer II/III also serve to specificallystricted to layer IV and to ascertain that LTD in the young
adult supragranular layers is expressed in the guinea rule out this possibility. Taken together, these data sug-
gest that layer IV, in contrast with layers II/III, does notpig, as in the rat, we used a recording configuration
similar to that described by Kirkwood et al. (1993). By support LTD induced by 1 Hz afferent stimulation in
slices of adult visual cortex.stimulating in layer IV and recording in layers II/III, we
found that LTD was easily induced in adult guinea pig
neurons (n 5 10 of 10), in striking contrast with the
results obtained in layer IV from the same age-group Discussion
(n 5 1 of 10) (Figure 5). To serve as a control for the
blockers used in the recordings made in layer IV, DNDS In this report, evidence is presented that suggests that
the induction and/or expression of long-term synapticand cesium were included in the recording pipettes in
theexperiments recording from layer II/III neurons.While depression, induced with low frequency afferent stimu-
lation, can be modulated by synaptic inhibition and isit is unlikely that DNDS and/or cesium would block LTD
Developmental Down-Regulation of LTD in Layer IV
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Figure 5. Developmental Loss of LTD Is Re-
stricted to Layer IV
While LTD was not reliably induced in adult
layer IV neurons, n 5 1 of 10 (with DNDS and
cesium), LTD was induced in adult layer II/III
neurons, n 5 10 of 10 (also with DNDS and
cesium).
down-regulated with age in guinea pig and visual corti- studies suggested that NMDA receptors decrease with
age in visual cortex (Bode-Greuel and Singer, 1989;cal layer IV. These data indicate, however, that while
Reynolds and Bear, 1991), more recent experiments us-the synergistic effects of age-related changes in inhibi-
ing physiological assessments have confirmed the dra-tion on LTD induction cannot be ruled out, the develop-
matic decrease in NMDA receptor function with age,mental down-regulation of LTD is primarily accom-
particularly in layer IV, both in visual cortex (Tsumotoplished by a means other than developmental increases
et al., 1987; Fox et al., 1991, 1992; Carmingnoto andin inhibitory circuitry. These conclusions are supported
Vicini, 1992) and in somatosensory cortex (Crair andby experiments making use of a novel method of intra-
Malenka, 1995). More recent anatomical data have alsocellular blockade of inhibition, thus avoiding the com-
convincingly demonstrated the developmental loss ofplications introduced with bath application of GABA in-
certain subunits or splice variants of the NMDA receptorhibitors. Though cesium is certainly not specific for
in layer IV (Laurie and Seeburg, 1994; Catalano et al.,GABAB-mediated potassium currents and the method
1995, Soc. Neurosci., abstract; Johnson et al., 1996).of using DNDS to intracellularly block synaptic inhibition
Moreover, the loss of NMDA receptor activity in visualis not without its own disadvantages, several lines of
cortex itself depends on visual experience; dark rearing,evidence corroborate the findings. First, there are no
which apparently extends the length of critical periodstatistically significant differences between the LTD in-
plasticity (Mower et al., 1985), also delays the down-duced in neurons in which the IPSPs were blocked with
regulation of NMDA receptor±mediated responses (FoxDNDS and cesium and the LTD induced in neurons that
et al., 1991, 1992; Carmingnoto and Vicini, 1992). Givendidnot have IPSPs, regardless of the age-group studied.
that the induction of LTD is dependent on NMDA recep-Thus, the lack of LTD in the adult neurons is not likely
tors in hippocampus (Dudek and Bear, 1992; Mulkeyto be explained by a partial or incomplete block of the
and Malenka, 1992), in layers II/III of visual cortex (Kirk-IPSPs by the DNDS and cesium in the adult slices. A
wood et al., 1993), and in this layer IV preparation, asecond line of evidence that supports a developmental
reasonable hypothesis for the loss of this type of plastic-down-regulation of LTD in layer IV independent of inhibi-
ity during postnatal development emphasizes the devel-
tion is that blocking IPSPs by means of bath application
opmental down-regulation of NMDA receptors within
of bicuculline gives essentially the same result: LTD is
layer IV.
not restored in adult neurons when fast IPSPs are
Another possible consequence of the down-regula-
blocked with bicuculline (n 5 3, 112% 6 10% of control).
tion of NMDA receptors in layer IV is the developmental
In addition, use of TS-TM-calix[4]arene instead of DNDS loss of LTP, as demonstrated in slices of somatosensory
to block GABAA chloride channels, without cesium (Du- cortex (Crair and Malenka, 1995). This loss of LTP in
dek and Friedlander, 1996), also restores LTD in juvenile, layer IV appears to be quite different mechanistically
butnot adult guinea pigs (n 5 6, data not shown).Finally, from the down-regulation of LTP in supragranular layers
data from neurons recorded from adult layer II/III sug- (Kirkwood and Bear, 1994a), which is possibly depen-
gest that the DNDS and cesium are not interfering with dent on developmental increases in synaptic inhibition
the induction process of LTD in adult neurons. More- in layer IV; stimulation of polysynaptic pathways at the
over, these data support the idea that plasticity is down- white matter/layer VI border is insufficient to induce ade-
regulated to a greater extent within layer IV than in layers quate postsynaptic depolarization to induce LTP in lay-
II/III in the adult visual cortex. ers II/III when synaptic inhibition in layer IV is present
Since the results presented here have demonstrated (Kirkwood and Bear, 1994b). In either case, develop-
that increasing synaptic inhibition during development mental changes in the susceptibility to LTP induction,
is not solely responsible for the developmental down- together with developmental changes in LTD, are likely
regulation of LTD, a likely alternative modulator of plas- to contribute tosynaptic plasticity in visualcortex during
ticity in layer IV is the developmental decrease in NMDA early postnatal development. Consistent with this hy-
pothesis is the finding that ocular dominance plasticityreceptors (discussed by Fox, 1995). While early binding
Neuron
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is inhibited with the infusion of an NMDA receptor antag- distinct cellular mechanisms are in place to down-regu-
late synaptic strength during the critical period that may,onist into visual cortex (Kleinschmidt et al., 1987; Bear
et al., 1990; Bear and Colman, 1990). or may not be related to the unsuccessful competition
for growth or trophic factors. Future experiments aimedIn addition to developmental changes in NMDArecep-
tor function, a number of elements downstream from at determining the relationship between LTD and syn-
apse elimination in the developing visual cortex shouldthe NMDA receptor in LTD induction may be under de-
velopmental control. The induction of LTD has been shed light on some of these issues.
demonstrated to be dependent on protein phospha-
Experimental Procedurestases (Mulkey et al., 1994), and the induction of LTD
versus LTP may lie in a balance of phosphatase and
Slices of primary visual cortex were prepared from guinea pigs atkinase activity, depending on the level of postsynaptic
P1±P12 or >P80, or from cats at P22±P48 or P84±P112. Ages of
calcium (Lisman, 1989; Mayford et al., 1995). At least cats were chosen for their documented periods during peak genicu-
one serine/threonine protein phosphatase may be in- locortical axon segregation within layer IV (LeVay et al., 1978) and
after the major period of ocular dominance plasticity (Olson andvolved in the developmental down-regulation of LTD;
Freeman, 1980). In contrast with cats, guinea pigs are born withboth levels of phosphatase 2A and microtubule-associ-
their eyes open, and as no data exist regarding plasticity in guineaated phosphatase 1 decrease dramatically with age in
pig visual cortex, these periods were conservatively estimated tothe mammalian neocortex (Dudek and Johnson, 1995).
be shortly after birth and at about 3 months of age. Prior to removal
Interestingly, strong evidence for a role of protein phos- of the brain, animals were deeply anesthetized with either ethyl ether
phatase 1 in LTD induction has been presented (Mulkey (guinea pigs) or sodium pentobarbital (100 mg/kg, cats). Slices (400
mm thick) were cut on a vibra-slicer (Campden Instruments) andet al., 1994), and two isoforms of phosphatase 1 have
allowed to recover in the recording chamber (interface type, Medicalbeen localized specifically to dendritic spines (Ouimet
Systems) for at least 1 hr prior to recording. The artificial cerebrospi-et al., 1995). Other developmental changes in the phos-
nal fluid consisted of 124 mM NaCl, 4 mM KCl, 2.5 mM CaCl2, 1.5phatase/kinase balance have been proposed to account
mM MgSO4, 1.25 mM KH2PO4, 26 mM NaHCO3, and 10 mM D-glucose
for the robust LTD early in postnatal development, spe- and was bubbled with 95% O2 and 5% CO2. All recordings were
cifically the ratio of calcium-independent to calcium- performed at 358C. Intracellular recordings from layer IV neurons
were made with sharp microelectrodes (75±150 mV) filled with 1 Mdependent CaMKII, which changes with age (Mayford et
KAc. In some cases, 0.5 mM DNDS in 1 M CsAc was substitutedal., 1995). Finally, there are also considerable structural
for KAc. PSPs were evoked by stimulation (50 ms duration, 90±140differences in the excitatory layer IV thalamocortical syn-
mV) with a concentric bipolar stimulating electrode (FHC) placed atapses in immature versus mature visual cortex (Ander-
the white matter/layer VI border. The stimulation intensity was cho-
son et al., 1992). The higher density per unit cortical sen by finding the point where the largest EPSP could be obtained
volume of presynaptic boutons in immature cortical without recruiting IPSPs (usually producing an EPSP of 4±7 mV). In
many cells, discernible IPSPs were recruited at the same intensitieslayer IV may make the synapses more susceptible to
as the EPSPs, consistent with the work of Hirsch (1995) in ferretdiffusible modulatory signals (Montague et al., 1991).
layer IV. In these cases, a stimulation intensity was chosen thatMoreover, since the immature synaptic boutons gener-
produced a PSP of 4±6 mV and was considered in the ªplus IPSPºally only have a single release site versus multiple re-
case. PSPs were characterized for the presence or absence of IPSPs
lease sites in the mature cortex (Friedlander and Martin, by the appearance of early and/or late negativities with injection of
1989), the probability of effectively down-regulating the depolarizing current; the sizes of the IPSPs were not quantitated.
In cases in which the IPSPs were blocked with DNDS and cesium,immature terminals may be greater. Thus, while the de-
IPSPs were monitored at depolarized membrane potentials forvelopmental down-regulation of NMDA receptors is
10±30 min until they were abolished, at which time the baselinelikely to be responsible for the down-regulation of the
recording period was commenced. LTD was induced with a standardinduction of LTD in layer IV, there exist numerous possi-
1 Hz afferent stimulation for 15 min (900 pulses) as described pre-
ble contributors to the developmental dependence of viously for hippocampal slices (Dudek and Bear, 1992). The criteria
the expression of LTD. for LTD induction was set at 10% reduction of the peak PSP from
the baseline period, in addition to a significant (p < 0.01) two-tailed tAlthough it is certainly possible that other means of
test. Basic membrane properties did not differ significantly betweeninducing LTD do not follow similar patterns of develop-
species or age-group studied. Resting membrane potentials 6ment, the developmental down-regulation of LTD in
SEMs were 71.9 6 1.2 mV for young guinea pig, 69.7 6 1.8 mV forlayer IV induced with the 1 Hz stimulation protocol is
adult guinea pig, 72.5 6 1.14 mV for kitten, and 72.2 6 1.0 mV for
consistent with theories utilizing weakening of excit- cat. Input resistances 6 SEMs were 47.3 6 3.8 MV for young guinea
atory synaptic connections as a means of shaping re- pig, 46.3 6 5.0 MV for adult guinea pig, 48.1 6 4.1 MV for kitten,
ceptive field properties during normal development and and 47.3 6 4.4 MV for cat.
To confirm that our recordings were indeed made from neuronsmediating the changes observed as a result of abnormal
in layer IV, biocytin (2%) was included in many of the recordingvisual experience (Bienenstock et al., 1982; Clothiaux et
electrode pipette solutions. Under a dissecting microscope, elec-al., 1991). It is unknown, however, at this point, whether
trodes were positioned within layer IV, which was easily visualized
synaptic weakening in the form of LTD is sufficient or in both cat and guinea pig visual cortex from a light-colored band
indeed necessary for the expression of processes lead- in the upper one-third to one-half of the cortical mantle. Confirmation
ing to synapse elimination, and in the case of monocular of this band as layer IV in guinea pig has been performed in this
laboratory using transneuronal labeling of geniculate afferents withdeprivation, reduction of geniculocortical axon branch
WGA±HRP eye injections (Harsanyi and Friedlander, submitted). Insize and number of synaptic targets innervated by each
most cases, the biocytin diffused, without current injection, frombouton (Friedlander et al., 1991) and subsequent lateral
the recording pipette over the course of the recording period. Slices
geniculate nucleus cell shrinkage (Wiesel and Hubel, were fixed overnight in 4% paraformaldehyde and 0.5% glutaralde-
1963a, 1963b; Guillery, 1972; Hickey, 1980; Kalil, 1980). hyde in 0.1 M phosphate buffer and resectioned at 100 mm. Biocytin
The age dependence, synaptic specificity, and NMDA was visualized with avidin±biotincomplex (Vector Laboratories ABC)
reacted with hydrogen peroxide and diaminobenzidine enhancedreceptor dependence of LTD do, however, suggest that
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with nickel (Horikawa and Armstrong, 1988). The tissue was counter- inhibitory synaptic responses in visual cortical layer IV neurons. J.
Neurophys. 75, 2167±2173.stained with cresyl violet (Nissl) for determination of the laminar
position of the filled cell. Dudek, S.M., and Johnson, G.V.W. (1995). Postnatal changes in
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